Vampyrellid amoebae (Vampyrellida, Rhizaria) are widespread in freshwater, marine and terrestrial ecosystems and consume a wide range of eukaryotes, e.g. algae, fungi and micrometazoa. Environmental sequences indicate that only a small fraction of their genetic diversity is phenotypically characterised, emphasising the need to further explore unknown vampyrellids and their interactions with prey organisms. This study tests the prey range specificity of three vampyrellid amoebae with 49 strains of three common groups of freshwater algae (Zygnematophyceae, Euglenophyceae and Volvocales), and documents specific interactions by time-lapse microscopy. Two of the amoebae, here introduced as the novel genera Arachnomyxa and Planctomyxa based on morphology and SSU rRNA gene comparisons, display a complementary prey range and consume motile algae, namely Volvocales and Euglenophyceae, respectively. This reveals the existence of specialised 'plankton feeders' in the vampyrellid family Leptophryidae, contrasting with the strikingly broad prey range of Leptophrys vorax. The distinct autecological characteristics found in this group of morphologically rather indistinct amoebae contribute to our knowledge about the vastly understudied vampyrellid amoebae. Furthermore, time-lapse observations suggest that euglenoid movements exerted by the sluggish species of the 'Euglena deses group' as a reaction to vampyrellid contact may serve as an effective defence against microbial predators.
INTRODUCTION
The vampyrellid amoebae (order Vampyrellida) comprise naked, filose organisms that feed on eukaryotes by phagocytosis and display a life history with an obligatory digestive cyst stage (Zopf 1885; Gobi 1915; Hülsmann 2009 ). Although their phylogenetic position within the eukaryotic supergroup Rhizaria is well established (Bass et al. 2009; Hess, Sausen and Melkonian 2012; Berney et al. 2013) , most of the genetically detected diversity of the Vampyrellida is still unexplored in terms of morphology and autecology. Currently, only four of eight consistently retrieved sublineages of the order Vampyrellida are linked to phenotypic information, namely the families Vampyrellidae Zopf, 1885 , Leptophryidae Hess, Sausen and Melkonian, 2012 , Hyalodiscidae Poche, 1913 and a clade containing the genus Thalassomyxa (Hess, Sausen and Melkonian 2012; Berney et al. 2013; Hess 2017) . Despite common features in life history and cellular structure, vampyrellids display a fascinating diversity of feeding strategies. Representatives of the families Vampyrellidae and Hyalodiscidae are famous for their ability to perforate the cell walls of green algae (e.g. Zygnematales, Oedogoniales) and extract the protoplast material, which is referred to as 'protoplast feeding ' (e.g. Klein 1882; Hoogenraad 1907; Hülsmann 1985; Hess 2017) . In contrast, species of the marine genus Thalassomyxa were reported to engulf entire cells of various algae, namely diatoms (Amphiprora), green algae (Dunaliella) and cryptophytes (Pyrenomonas) (Grell 1985 (Grell , 1992 (Grell , 1994 Berney et al. 2013) .
The current picture in the family Leptophryidae is more complicated: according to the most recent phylogenies, there are two genetically distinct leptophryid groups with phenotypic data: the Leptophrys clade and the Theratromyxa/Platyreta assemblage, plus the phylogenetically well-separated species Vernalophrys algivore (Gong et al. 2015; Hess 2017) . These amoebae are able to engulf entire prey organisms, but in Platyreta germanica the perforation of fungal spore walls was documented as well (Pakzad 2003) . Because of the stunning interaction of Platyreta and Theratromyxa (both isolated from soil samples) with fungi and nematodes, these vampyrellids were often referred to as 'mycophagous' and 'carnivorous', respectively, and received attention in the context of agricultural pest control (e.g. Zwillenberg 1953; Sayre 1973; Anderson and Patrick 1978; Pakzad 2003) . However, as revealed by feeding experiments, Platyreta is able to consume a broad range of organisms including fungi, algae and nematodes (Old and Darbyshire 1978; Pakzad 2003) . This indicates that the members of the genetically very indistinct Theratromyxa/Platyreta assemblage might display a broad prey range, thereby resembling Leptophrys vorax, which inhabits freshwater ecosystems and can feed on various algae, flagellates and yeast cells (Cienkowski 1865; Zopf 1885; Hess, Sausen and Melkonian 2012) . Vernalophrys algivore was not tested for its prey range specificity. It was isolated from bioreactors with Scenedesmus dimorphus (Chlorophyta), where it consumed the algal cells by normal phagocytosis (Gong et al. 2015) . Since there are no indications that V. algivore is specialised or confined to Scenedesmus as food, the leptophryid vampyrellids as a whole appear to be rather generalist, eukaryotrophic predators.
Leptophryid sequences have been detected in samples from various freshwater-fed environments, including the sediment of lakes and streams, anaerobic sediment, Sphagnum-associated water bodies, lake picoplankton, hydrothermal sediment, a glacial cryoconite ecosystem, Brassicaceae leaves and various soils (e.g. Berney et al. 2013; Geisen et al. 2016; Ploch et al. 2016; Venter et al. 2017) . Given the number of genetically distinct but uncharacterised leptophryids, the exploration of these species and their interaction with prey organisms is essential to interpret environmental sequence data in a more accurate way. Of course, this is applicable to other poorly studied protist groups as well, and establishing a comprehensive autecological knowledge base through cultivation-dependent techniques is desirable.
This study reports two novel leptophryid amoebae from freshwater ecosystems, which were observed to feed on the planktonic algae Eudorina elegans (Volvocales, Chlorophyceae) and Euglena sp. (Euglenophyceae), respectively. The work focuses on the specific interactions of these amoebae, and L. vorax, with three groups of widespread freshwater algae: (i) immobile, unicellular Zygnematophyceae (Streptophyta); (ii) mobile, in part colonial Volvocales (Chlorophyta); and (iii) mobile Euglenophyceae (Excavata), some of which exhibit metaboly (a peristaltic cell motility unique to euglenoids). Besides the data from comparative feeding experiments and time-lapse microscopy, an SSU rRNA gene phylogeny is used to locate the studied amoebae in the vampyrellid tree, and detailed taxonomic descriptions of Arachnomyxa gen. nov. and Planctomyxa gen. nov. are provided. Special attention is paid to the interaction of vampyrellids with euglenophytes, leading to a discussion about the presumed ecological functions of metaboly, in particular its defensive effect against predators.
MATERIALS AND METHODS

Establishment and maintenance of cultures
Natural samples (∼50 ml) taken from freshwater ponds were supplemented with suitable prey algae (Table 1) and incubated in Petri dishes at 16
• C for a few days to increase cell numbers of leptophryid amoebae. Single cells of Arachnomyxa cryptophaga and Planctomyxa polycarya were isolated from these enrichments into half strength culture medium Waris-H without soil extract (McFadden and Melkonian 1986) containing algal material. The isolated cells gave rise to xenic vampyrellid-algal cocultures, which were kept at 16
• C with a photon fluence rate of 10-30 μmol m −2 s −1 in a 14/10 h light/dark cycle. Every 2 weeks ∼2 ml of a growing culture was transferred to fresh algal material suspended in half strength Waris-H without soil extract. The algal material for long-term cultures and feeding experiments was grown in the culture medium Waris-H under the same temperature/light regime. The vampyrellid-algal co-cultures are currently available from the Culture Collection of Algae at the University of Cologne (CCAC) at http://www.ccac.uni-koeln.de/or from the author as indicated in Table 1 .
Feeding experiments
Material of 49 algal strains (Table S1 , Supporting Information) grown in Waris-H was mixed with sterile distilled water (50%-90%) to obtain appropriate cell densities. The cell suspensions were distributed to plastic Petri dishes (60 mm) or the wells of microtiter plates (24 well plates) and inoculated with a growing leptophryid culture, 1 ml and three drops, respectively.
The feeding experiments were incubated at 20 • C, observed and documented during 2-10 days after inoculation using the inverted cell culture microscope CK X 41 equipped with phase contrast optics and the CCD camera head DP21 (both Olympus, Japan). 
DNA sequencing, alignment and phylogenetic analyses
The nuclear SSU rRNA gene of A. cryptophaga and P. polycarya was amplified via single-cell PCR and sequenced as previously described (Hess 2017) , using the DreamTaq DNA Polymerase (Fermentas, St. Leon-Rot, Germany), the universal eukaryotic primers EAF3, ITS055R and BR (Marin et al. 2003) , the Dynabeads M-280 Streptavidin system (Holmberg et al. 2005 ) and the SequiTherm EXCEL II Long Read DNA Sequencing Kit (Biozym Diagnostik, Germany) with the fluorescent primer combinations EAF3/SSU-920R and SSU-528F/SSU-BR (Marin et al. 2003) . Partial sequences were read out with a LI-COR DNA Sequencer and assembled to the complete SSU rRNA gene sequence using the program AlignIR 2.0 (LI-COR Biosciences, Lincoln, USA). The generated SSU rRNA gene sequences have been deposited in GenBank (for accession numbers, see Table 1 ). Since BLAST searches (http://blast.ncbi.nlm.nih.gov/) with the SSU rRNA gene sequences of A. cryptophaga and P. polycarya clearly suggested the affiliation with vampyrellid amoebae, the sequences and close BLAST hits were added to the recently published alignment of the Vampyrellida (Hess 2017 ) and manually aligned with the alignment editor SeaView 4.5.4 (Galtier, Gouy and Gautier 1996; Gouy, Guindon and Gascuel 2010) . After preliminary analyses with the software raxmlGUI (Stamatakis 2006; Silvestro and Michalak 2012) , the taxon selection was reduced to the Leptophryidae and Vampyrellidae (serving as outgroup). Taxa and sites were critically evaluated in terms of sequence coverage and alignment quality and manually selected for the final analyses, resulting in a dataset of 28 SSU rRNA gene sequences and 1600 sites. This dataset was analysed with maximum likelihood (ML) and Bayesian inference (BI) using the PTHREADS version of RAxML 8.2.6 (Stamatakis 2006 ) and the software MrBayes 3.2.2 (Ronquist and Huelsenbeck 2003; Altekar et al. 2004) , respectively. The model used for both analyses was GTR+ +I. For ML analyses, 100 independent tree searches and 1000 bootstrap repetitions were performed. The Bayesian analyses (without the covarion model) included two Markov chain Monte Carlo chains and 5000 000 generations. Trees were sampled every 1000 generations and the burn-in (1250 000 generations) was determined by the convergence criterion. The tree figure, based on the best ML topology, was designed with Adobe Illustrator CS4 (Adobe Systems, Munich, Germany) and contains support values from bootstrapping (ML) and posterior probabilities (BI) at the branches.
Nomenclatural acts
This published work and the nomenclatural acts it contains have been registered in ZooBank (http://zoobank.org/), the proposed online registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated information viewed through any standard web browser by appending the LSID to the prefix 'http://zoobank.org/'. The LSID for this publication is: urn:lsid:zoobank.org:pub:D51D1B9C-83CF-4561-AB85-B70C109B4F73.
RESULTS
Occurrence of Arachnomyxa and Planctomyxa in natural habitats
Arachnomyxa was found in the 'Sphagnum ponds' of the Simmelried, Germany (Kreutz and Foissner 2006) co-occurring with Eudorina elegans between floating plant material and algal mats ( Table 1 ). The amoeba was frequently detected over a period of ∼10 years and has been exclusively observed to feed on E. elegans in natural samples (Mayer and Kreutz 2003; Kreutz pers. comm.) . In raw samples very few infected Eudorina colonies were apparent, but during incubation at room temperature the fraction of infected colonies increased dramatically. Planctomyxa was found in a eutrophic fish pond near Schloßborn, Germany (Table 1) which contained a mass development of an undetermined Euglena species. The Euglena cells formed a green surface scum, which also contained the amoebae. Planctomyxa fed on the Euglena cells and multiplied rapidly at room temperature. The phagocytosis of organisms other than Euglena was not observed.
Phylogenetic position of Arachnomyxa and Planctomyxa
The SSU rRNA gene sequences showed a clear affiliation of the two amoebae to the Vampyrellida (Rhizaria) and as revealed by ML analyses with the dataset published in Hess (2017) , both isolates could be clearly localised in the family Leptophryidae (not shown). Here, a ML tree focussing on Leptophryidae with Vampyrellidae as outgroup is displayed (Fig. 1) . It contains sequences of all currently known genera of the Leptophryidae (Leptophrys, Platyreta, Theratromyxa, Vernalophrys) and a number of environmental sequences derived from freshwater and terrestrial samples. As seen in previous analyses, the SSU rRNA gene phylogeny supported the family Leptophryidae, but failed to resolve most of the internal branches (Hess, Sausen and Melkonian 2012; Berney et al. 2013 , Hess 2017 . However, the phylogeny clearly illustrates the genetic distances between known genera and the amoebae studied here, justifying the introduction of the new genera Arachnomyxa and Planctomyxa. Furthermore, the phylogeny emphasises the fragmentary phenotypic knowledge about the Leptophryidae and indicates their occurrence in diverse and extreme environments (anoxia).
General morphology of Arachnomyxa and Planctomyxa
Motile cells of Arachnomyxa and Planctomyxa displayed three different morphologies: (i) isodiametric trophozoites, which float in the water column; (ii) small surface attached trophozoites with long anterior filopodia and directional crawling locomotion; and (iii) relatively large, multinucleate cells (probably derived from fusion of trophozoites) that may exhibit an expanded morphology ( Fig. 2A-D) . Planctomyxa displayed a particular tendency to form floating trophozoites (cell body 18-50 μm), which accumulated in the water column of older cultures when food was exhausted ( Fig. 2A) . Crawling cells of Planctomyxa and Arachnomyxa (∼15-30 μm) were compact or showed a temporarily stretched morphology, i.e. the cells were broadened, fusiform or fan-shaped ( Fig. 2B and C) . The leading edge of crawling amoebae in both taxa was characterised by numerous slender and rarely branching filopodia, which reached several times the length of the cell body (Fig. 2E) . Moving granules on the pseudopodia (referred to as 'membranosomes' and observed in Vampyrellidae and Hyalodiscidae) were absent. The motility of surface bound amoebae involved the elongation of the anterior filopodia (tip growth), which seemed to be longitudinally attached to the substrate. The cell body was dragged behind and did not touch the substrate (Fig. 2E and Video S1, Supporting Information).
Arachnomyxa and Planctomyxa differed from each other in the colour of the granular cytoplasm and the number of nuclei present in small trophozoites. Planctomyxa was faintly yellowbrown, due to golden cytoplasmic granules and contained numerous (several dozen) small (2.0-2.5 μm) and inconspicuous nuclei ( Fig. 2E and F) . Arachnomyxa, instead, was characterised by a single nucleus (3 μm), which was often hardly visible without squashing the cell, and bright orange cytoplasm ( Fig. 2G and H). For further morphological details, see diagnoses below.
Prey range specificity of three leptophryid amoebae
The feeding experiment included A. cryptophaga and P. polycarya as well as Leptophrys vorax (strain LV.03) to enable a comparison between three phylogenetically well-separated leptophryids (Fig. 1) . The experiment revealed distinct autecological differences between these amoebae, which are evident from the heatmap in Fig. 3 . As detailed in the following sections, A. cryptophaga and P. polycarya displayed a restricted and complementary prey range (primarily feeding on Volvocales and Euglenophyceae, respectively), whereas L. vorax consumed representatives of all three tested algal groups (Fig. 3) . A complete list of tested algal strains along with detailed results of the feeding experiment is provided in Table S1 (Supporting Information).
Feeding strategies and prey range specificity of Arachnomyxa cryptophaga
During attack on the natural prey E. elegans, trophozoites of A. cryptophaga attached to the surface of the algal colony and retracted the filopodia, attaining a compact morphology (Fig. 4A) . Subsequently, pseudopodia invaded the mucilage of the algal colony and searched for prey cells (Fig. 4B and C) . Most often, the entire cell body then slipped through the outer mucilage layer of E. elegans, thus entering the internal space of the gelatinous colony, in which the algal cells reside (Fig. 4D-F) . Internal trophozoites surrounded single cells of E. elegans with sheetlike pseudopodia, pulled them out of their place and phagocytosed them (Fig. 4E and F) . Depending on the size of the Eudorina colony, trophozoites engulfed a fraction or all algal cells and finally formed digestive cysts inside the algal colonies ( Fig.  4G and Video S2, Supporting Information). Occasionally, the extraction of a single cell from a colony and the external formation of a digestive cyst were observed (not shown). Arachnomyxa cryptophaga was also able to engulf entire daughter colonies inside mature colonies of E. elegans (Fig. 4H) . The mostly spherical digestive cysts of A. cryptophaga formed inside E. elegans measured 13-38 μm in diameter and lacked a discernible outer cyst envelope (Fig. 4I) . As typical for known leptophryids, the ingesta accumulated in a central food vacuole. During digestion, the green contents became brown and the cytoplasm of A. cryptophaga developed an intense orange to brick-red colour (Fig. 4I) . Subsequently, small amoebae (often two or four) were released from the digestive cysts, in which brown food remnants were left behind ( Fig. 4I and Video S3, Supporting Information). The small trophozoites exited the digestive cyst through separate holes in its envelope (Fig. 4I) . Plasmodia of A. cryptophaga displayed the capacity to engulf more algal cells than uninucleate trophozoites (Fig. 4J) , resulting in larger digestive cysts, which sometimes contained algal cells of different colonies and displayed a dumbbell-like morphology (Fig. 4K ). Furthermore, plasmodia were able to engulf entire colonies of E. elegans resulting in free digestive cysts that were not surrounded by algal mucilage.
The feeding experiments with other Volvocales, Zygnematophyceae and Euglenophyceae revealed that A. cryptophaga was able to consume most of the volvocalean green algae, except two Pandorina species (P. charkoviensis, Pandorina sp.) and Results from the comparative feeding experiment involving Zygnematophyceae (Z), Volvocales (V) and Euglenophyceae (E) visually summarised in three heatmaps for the studied leptophryid amoebae. This figure illustrates marked differences in prey range specificity of the tested amoebae, e.g. complementary specialisation in Arachnomyxa and Planctomyxa. Detailed results of the feeding experiment including information on the algal strains are provided in Table S1 .
Chlamydomonas stagnophila (details in Table S1 , Supporting Information). The amoebae invaded the mucilaginous colonies of a wide morphological range of Volvocales, including Gonium, Eudorina, Pleodorina and Volvox, and fed on the algal cells as described above (Fig. 4L and M) . Furthermore, A. cryptophaga consumed single-celled representatives such as C. multitaeniata by phagocytosis, resulting in digestive cysts that adhered to the bottom of the culture vessels (Fig. 4N) . Arachnomyxa cryptophaga did not grow on Zygnematophyceae and Euglenophyceae, except Euglena viridis. The phagocytosis of Eu. schmitzii, Trachelomonas sp. and Monomorphina pyrum was very rarely observed, but did not lead to growth of the amoeba.
Feeding strategies and prey range specificity of Planctomyxa polycarya
As soon as trophozoites of P. polycarya (floating or creeping) touched cells of Euglena spp. with filopodia, the prey cells became firmly adhered to the amoebae. Several Euglena species (e.g. Eu. mutabilis, Eu. gracilis) instantaneously started a vigorous metabolic movement and consequently stopped swimming ( Fig. 5A and B ; Video S4, Supporting Information). The trophozoites of P. polycarya adopted a compact shape and immediately started phagocytosis (Fig. 5C ). This process was also observed to take place in the water column. Cells of P. polycarya then emitted a thin pseudopodial sheet, thereby engulfing the Euglena cell ( Fig. 5D and Video S4). After phagocytosis, the trophozoites often continued crawling and the vigorous metabolic movements of prey cells (Eu. gracilis and Eu. mutabilis) were observed in locomoting amoebae for a while. After ingestion of one or several Euglena cells (depending on prey size), the amoebae firmly attached to the substratum, retracted the filopodia and formed digestive cysts of ∼25-65 μm. Due to the prey cells, cysts appeared bright green in early stages ( Fig. 5E and F) and turned yellowbrown during maturation (Fig. 5G) . The digestive cysts displayed two cyst envelopes, a thick inner envelope and a thin, irregular outer envelope, the latter best visible at the attachment site (Fig. 5F ). About four young trophozoites were observed to be released from a single digestive cyst of P. polycarya through separate holes ( Fig. 5H ; Video S5, Supporting Information).
The majority of tested Euglenophyceae were consumed by P. polycarya. Feeding success was particularly high in rigid members such as Monomorphina spp. and Phacus spp. (Fig. 5I-K) . Also the armoured Trachelomonas spp. were consumed, sometimes by invasion of the loricae (Fig. 5L) . Euglenophycean cells seemed to adhere strongly to the filopodia of P. polycarya at the first contact, and as demonstrated by time-lapse microscopy, some cells were even caught while swimming (e.g. Eu. gracilis). In contrast, P. polycarya did not show any sign of interaction with the tested volvocalean green algae, i.e. the trophozoites moved over volvocalean cells without taking them up and showed no growth (Fig. 3) .
Interaction of Leptophrys vorax with various freshwater microalgae, with special reference to euglenophytes
Almost all tested zygnematophycean green algae served as prey for L. vorax. As documented by time-lapse observations with Closterium cornu (strain CCAC 1125), the amoebae readily engulfed and finally cleared the non-motile, non-floating algal cells ( Fig. 6A ; Video S6, Supporting Information). However, some Zygnematophyceae of the genera Staurastrum and Staurodesmus had a high tendency to float in the water column and were not available for the surface adherent cells of L. vorax, resulting in lower growth rates of the amoebae and long-term coexistence of prey and predator (Table S1 ). Very low feeding success was observed with Netrium sp., whose cells seemed to be too large to be successfully phagocytosed by L. vorax.
Leptophrys vorax attacked all of the tested volvocalean green algae. The amoeba engulfed single cells (Chlamydomonas spp., disintegrated colonies of Gonium pectorale) as well as colonial Volvocales (Fig. 6B-G) . Leptophrys vorax even engulfed entire colonies of Volvox spp., but was also observed to invade them, similar to A. cryptophaga (Fig. 6B) . Again, the comparison of different algal taxa showed that a high mobility of the prey organisms (here active swimming) lowered the feeding success of L. vorax. Several algal strains seemed to be too agile to be successfully caught by the amoebae (Table S1) .
Leptophrys vorax consumed most of the tested Euglenophyceae and displayed marked growth with species of Euglena, Monomorphina, Phacus and Trachelomonas (Fig. 6H-L) . The armoured cells of the latter were consumed by total phagocytosis (Fig. 6L) . However, feeding success of L. vorax with Eu. deses and Eu. mutabilis was comparatively low. Time-lapse and video microscopy revealed that the surface-bound cells of L. vorax readily attacked Eu. deses and Eu. mutabilis, but had problems phagocytosing the algal cells. The amoebae formed cup-like feeding pseudopodia and followed the prey cells (Fig. 6M) . The vigorous bending and metabolic movements of Eu. deses and Eu. mutabilis, which began immediately upon contact with L. vorax, complicated or prevented phagocytosis (Video S7, Supporting Information). Even if cells of L. vorax managed to partially engulf a cell of Eu. deses, the metabolic movements effectively prevented the closure of the food vacuole ( Fig. 6N and O) . 
DISCUSSION
Specialists and generalists in the Leptophryidae
The three vampyrellid amoebae-Arachnomyxa cryptophaga, Planctomyxa polycarya and Leptophrys vorax-differ clearly in prey range specificity, which reveals trophic specialisation in the Leptophryidae (Vampyrellida). Interestingly, the two morphologically similar species, A. cryptophaga and P. polycarya, exhibit a complementary prey range and are specialised to feed on two prominent groups of mobile, planktonic algae, namely Volvocales and Euglenophyceae, respectively.
Vampyrellids preying on planktonic algae seem to be relatively rare. Instead, most of the known species have been detected in floating algal mats, benthic zones and soil ecosystems (Anderson and Patrick 1978; Hülsmann 1993; Berney et al. 2013) , which is probably linked to their feeding ecology. Some members such as Vampyrella spp., Hyalodiscus spp., Gobiella borealis, Lateromyxa gallica and Platyreta germanica are known to perforate prey cells, especially those of filamentous green algae (benthic/floating mats) and fungi (soil) (Hoogenraad 1907; Hülsmann 1985 Hülsmann , 1993 Pakzad 2003) . Another strategy which is common in vampyrellids is to engulf entire in most cases immobile or surface-bound prey organisms such as naviculid and sessile diatoms, desmids, coccal green algae, palmellae of euglenoids, yeast cells, fungal spores and cysts of micrometazoa (Zopf 1885; Röpstorf, Hülsmann and Hausmann 1994; Hess, Sausen and Melkonian 2012) .
So far, there are just two species of the putative vampyrellid genus Asterocaelum, which are known to reside in the plankton of lakes and slow streams, and to feed on suspended algae, namely diatoms and cyanobacteria (Canter 1973; Cook and Ahearn 1976) . Asterocaelum algophilum consumed up to one-third of the population of the centric diatoms Stephanodiscus and Cyclotella, demonstrating that periodic occurrences of vampyrellids can impact and shape plankton composition (Bailey-Watts and Lund 1973; Van Wichelen et al. 2006) . Arachnomyxa cryptophaga also feeds on planktonic algae and is the first described vampyrellid invading the gelatinous colonies of volvocalean green algae and residing inside these colonies for a major part of its life history. This unusual behaviour may provide protection from predators (hiding within the algal colonies) and enable the vampyrellid to stay in the water column, as partially consumed volvocalean colonies are still motile. It resembles the feeding strategy of amoeboflagellates which were mistakenly assigned to the genus Pseudospora and likely represent close relatives of Viridiraptor invadens (Viridiraptoridae, Rhizaria) (Hess and Melkonian 2013) . Similar to A. cryptophaga, these organisms invade Eudorina (Pseudospora eudorini), Volvox (Pseudospora volvocis) and several other gelatinous green algae, and have been shown to be responsible for mass mortalities in the summer plankton of lakes (Robertson 1906; Roskin 1927; Canter and Lund 1968) .
The high tendency to float, particularly observed in P. polycarya, likely increases the chance of encountering suspended algae and may be seen as another adaptation to consuming planktonic prey. Furthermore, the involvement of the entire amoeboid cell body in phagocytosis seems to be advantageous over the formation of cup-like feeding pseudopodia when feeding on highly motile cells such as euglenophytes (compare Planctomyxa and Leptophrys). Although this study corroborates that L. vorax is able to recognise and consume a wide range of organisms, the marked differences in feeding success between algal strains indicate that L. vorax might occupy a more narrow trophic niche under natural conditions. Experiments to study the feeding success of vampyrellid predators in mixed prey cultures to reveal selective feeding are certainly an interesting avenue for future research.
Does euglenoid metaboly serve as an avoidance strategy against predation?
Vampyrellid amoebae displayed reduced feeding success with Euglena deses and Eu. mutabilis compared to other Euglena species, Phacus, Monomorphina and the armoured Trachelomonas. This finding raises the question of which trait of the two sluggish Euglena species prevent or hamper phagocytosis. Time-lapse microscopy revealed that Eu. deses and Eu. mutabilis react immediately to physical contact with vampyrellids by starting extreme and vigorous cell deformations. These cell deformations, well known as 'metaboly' or 'euglenoid movement' (Bovee 1982) , complicate and sometimes even prevent the feeding process in L. vorax.
Metaboly is present in many but not all phagotrophic, osmotrophic and photosynthetic euglenoids (Leander, Esson and Breglia 2007) . As shown in many experimental studies, it can be triggered by various physical and chemical stimuli and is believed to enable the euglenoids to retreat from shock, crawl on surfaces and wiggle through narrow spaces (summarised in Bovee 1982) . Peristaltic movements were also observed to aid in exiting the euglenoid cyst (Bovee 1982) , leaving a lorica in Trachelomonas (Hilmbauer 1954) , and invading other organisms in phagotrophic and osmotrophic forms (Michajlow 1972; Bovee 1982) . Considering the phylogenetic framework of euglenoids, it was assumed that the capability for extreme cell deformations evolved in 'eukaryovorous' euglenoids to accommodate the phagocytosis of large prey organisms and that metaboly observed in more derived photosynthetic members (Eutreptiella, Euglena) might represent a vestige of the phagotrophic ancestry (Leander, Esson and Breglia 2007) . Another study tested the potential role of metaboly in locomotion of one of the most metabolic euglenoid taxa (Eutreptiella) using modelling techniques (Arroyo et al. 2012) . The net locomotion of the most metabolic cells accounted for ∼4% of the cell body length per second (far below the speed of swimming) and metaboly was expected to result in high dissipation of energy through the immense flux of cytoplasm, making it very expensive and inefficient in terms of locomotion. Interestingly, the role of metaboly in predator-prey interactions has been largely neglected. The results presented herein suggest that the costly movements exerted by the sluggish but highly flexible species of the 'Euglena deses group' as an immediate reaction to vampyrellid contact might serve as an effective protection against predation.
Rationale for the establishment of new vampyrellid taxa
As shown by the molecular phylogeny, the two new amoebae belong to the family Leptophryidae (Vampyrellida, Rhizaria) and are well separated from known genera. Both amoebae resemble Vampyrella species in terms of overall cell morphology (compact, floating cells) and colouration (especially A. cryptophaga) . Indeed, A. cryptophaga was previously documented by amateur microscopists and regarded as an undescribed species of Vampyrella (Mayer and Kreutz 2003) . To the best of my knowledge, there is no original description of a bright orange vampyrellid feeding on Eudorina (or other Volvocales), so that the establishment of a new species seems adequate. Planctomyxa polycarya feeds on Euglenophyceae, which was reported for Vampyrella euglenae (Dangeard 1886) and V. polyblasta (Sorokin 1889) . Both these species differ from P. polycarya in colour (red vs. brownish) and were only reported to consume the cysts of Euglena (probably palmella). Vampyrella polyblasta was further characterised by the formation of numerous small digestive cysts inside the palmellae of Euglena, which was never observed in P. polycarya. The compact trophozoites of V. euglenae are markedly smaller than those of P. polycarya (5-30 μm vs. 18-50 μm) and, according to the original description, V. euglenae produces just a single hole when exiting the digestive cyst. Given these differences, I refrain from applying one of the previously established names to the herein presented organisms and describe two new genera and species.
Arachnomyxa gen. nov. 
MAIN CONCLUSIONS AND PERSPECTIVES
This study demonstrates that poorly characterised clades of morphologically similar protists may harbour an untapped ecological diversity, for example, surprisingly specialised feeding strategies. This was shown for Leptophryidae, a commonly encountered group of amoebae in environmental studies, and probably applies to the entire order Vampyrellida. Furthermore, this work emphasises the great value of culture collections of potential prey organisms (here microalgae), which can be used for a systematic, experimental assessment of biotic interactions and thereby help to generate an autecological knowledge base. Isolation of novel protists such as vampyrellids combined with interaction experiments will eventually provide a much more detailed basis for the interpretation of environmental sequence data.
Besides this, it was shown that mobility and cellular motility of prey organisms are key factors influencing the feeding success of voracious vampyrellids, and probably many other microbial predators. In particular, the metaboly of phototrophic euglenoids might act as an efficient avoidance strategy. This inspires further quantitative experiments to assess the role of euglenoid metaboly in various predator-prey combinations and microcosms with more natural species assemblages.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
